Objective: Serotonin (5-hydroxytryptamine ) receptors are located in peripheral tissues as well as in the central nervous system. Serotonin receptors mediate positive inotropic and chronotropic effects in atria. The aim of this study was to investigate physiological role of endogenous serotonin on the regulation of atrial natriuretic peptide (ANP) secretion from the atria. Methods: An isolated perfused nonbeating rat atrial model was used. Changes in atrial volume induced by increasing intra-atrial pressure were measured. The 
from the sympathetic nerve terminals) [7] or both [8] , bovine serum albumin 0.1%. The pericardial buffer solu-3 depending on species. Some have reported that 5-HT tion, which contained [ H]inulin in HEPES buffer to 4 receptors mediate the positive inotropic and chronotropic measure the translocation of extracellular fluid (ECF), was effects in human and porcine atria [9, 10] and that ketanalso oxygenated by placing silicone tubing coils inside the serin-sensitive 5-HT receptors mediate the positive organ chamber. The pericardial space of the organ chamber 2A inotropic effect of serotonin in rat atria [11] . Mertens et al. was sealed and connected to a calibrated microcapillary [12] have also demonstrated that cardiac hypertrophy is tube, with which changes in atrial volume were monitored. associated with impaired chronotropic response to
The atrium was perfused for 40 min to stabilize the 3 serotonin mediated by the 5-HT receptor. Both 5-HT and secretion of ANP and to maintain a steady-state [ H]inulin 2 4 5-HT receptors are expressed in the rat heart [11, 13] , level in the extracellular space. The perfusate was collected 2A and the coexpression of these receptors coupled to distinct at 2-min intervals at 48C. After two collection periods, signaling pathways and their opposite actions have been atrial distension was induced for 2 min by elevating the demonstrated in human intestinal muscle cells [14] .
outflow catheter tip to 6 cmH O, and then reduced by 2 The aim of the present study was to characterize lowering the catheter tip to the basal level. Atrial pressure pharmacology of atrial 5-HT receptor subtypes, which may was applied at 10-min intervals. be involved in the regulation of atrial natriuretic peptide (ANP) secretion [15] . There are a few reports about the relationship between serotonin and atrial ANP secretion.
2 .3. Experimental protocols Therefore, experiments have been performed to investigate the effects of an endogenous agonist and a specific agonist Experiments were performed with three groups. for 5-HT and 5-HT receptors on the ANP secretion from Group 1 was the control group. In this group, HEPES 2 4 isolated perfused nonbeating rat atria and to characterize buffer was perfused throughout the experiment (n57). their mechanisms pharmacologically with specific receptor Group 2 included the agonist-perfused groups. In these antagonists.
experimental groups, the following were introduced into the atrial lumen after a 30-min control collection period: serotonin, an endogenous 5-HT receptor agonist, at doses of 1 (n54), 10 (n59), 30 (n58) or 100 mmol / l (n59); 2 . Methods a-methyl-5-hydroxytryptamine maleate (methyl-5-HT), a 5-HT receptor agonist, at doses of 1 (n56), 10 (n57) or n57) was administered as a pretreatment at the start of the perfusion, and then serotonin (30 mmol / l) was simul-2 .2. Isolated perfused atrial preparation taneously infused after a 30-min control collection period.
To modify the effects of PPB on ANP secretion, ketanserin Rats were sacrificed by decapitation, and an isolated (100 mmol / l, n57), or RS23597-190 (30 mmol / l, n57), perfused atrial preparation was made by using a previously or SB203186 HCl (5-HT receptor antagonist, 100 mmol / 4 described method [16, 17] . Briefly, the heart was rapidly l, n57) was also preincubated and then PPB (30 mmol / l) removed and placed in oxygenated sodium chloride soluwas simultaneously infused, as described the above. tion, and the left atrium was dissected from the heart. A In order to investigate the signal pathway involved in Tygon cannula containing three small catheters sealed the regulation of ANP secretion by serotonin receptors, within it was inserted into the atrium and secured by phospholipase C (PLC) inhibitors such as neomycin (1 ligatures. The cannulated atrium was transferred into an mmol / l, n59) and U 73122 (3 mmol / l, n55), nonspecific organ chamber containing a buffer solution at 36.58C; this protein kinase C (PKC) inhibitors such as staurosporine (1 was covered with watertight silicone rubber cap. The mmol / l, n55) and chelerythrine chloride (1 mmol / l, n5 atrium was immediately perfused with oxygenated HEPES 5), adenylyl cyclase (AC) inhibitor (MDL12330, 10 mmol / buffer solution at a rate of 0.25 ml / min by using a l, n55) or protein kinase A (PKA) inhibitors such as peristaltic pump. The composition of the HEPES buffer KT-5720 (3 mmol / l, n54) and H-89 (1-10 mmol / l, n55) solution was as follows: NaCl 118 mmol / l, KCl 4.7 were administered as a pretreatment at the start of the mmol / l, CaCl 2.5 mmol / l, MgSO 1.2 mmol / l, NaHCO perfusion and then serotonin or PPB was simultaneously 2 4 3 25 mmol / l, HEPES 10 mmol / l, glucose 10 mmol / l, and infused after a 30-min control collection period.
.4. Radioimmunoassay of ANP

. Results
The concentration of immunoreactive ANP in the perfu-3 .1. Effect of serotonin on ANP secretion sates was measured by using specific radioimmunoassay, as described previously [16, 17] . Fig. 1 shows the ANP secretion and ECF translocation in response to increased atrial volume induced by the elevation of intra-atrial pressure by 6 cmH O before and 2 
.5. Measurement of ECF translocation
after the exposure to serotonin. After 40 min for stabilization, intra-atrial pressure of 6 cmH O was applied three 2 We previously reported a two-step sequential mechatimes every 10 min to serve as a control period. Then, nism of ANP secretion from the atria: First, the atrial serotonin was infused at a concentration of 100 mmol / l. release of ANP into interstitial space occurs by means of
The intra-atrial pressure was increased by elevating the stretching, and second, the released ANP is secreted into outflow catheter tip for 2 min; afterward, it was returned to the atrial lumen, concomitant with ECF translocation due 3 the basal level (Fig. 1A) . Increases in atrial volume caused to reduction [18, 19] . The radioactivity of [ H]inulin in the by changing pressure (i.e., DRV), measured by using a atrial perfusate was measured by using a liquid scintillation microcapillary tip connected to the pericardial space, were counter (Tris-Carb 23-TR; Packard Bioscience, Downers similar (Fig. 1B) . The basal rate of ANP secretion was Grove, IL, USA). The amount of ECF translocated through constant throughout the experiment (Fig. 1C) , and ANP the atrial wall was calculated by total radioactivity in secretion in response to stretching was markedly increased. perfusate divided by radioactivity in pericardial reservoir, Serotonin suppressed stretch-induced ANP secretion. The and expressed as ml/min/g. basal rate of ECF translocation was constant throughout the experiment (Fig. 1D) Single atrial myocytes were isolated by using a previthe control period were not significantly different from ously described technique [20, 21] , with minor modificathose in the serotonin infusion period. Therefore, the ANP 21 tions. Changes in the intracellular Ca concentration, or secretion in terms of ECF translocation, which means the 21 [Ca ] , in single atrial myocytes were measured by using i interstitial ANP concentration, was dramatically supa fluorescence digital imaging microscopic system (Attoflpressed by serotonin (Fig. 1E ). uor; Atto Instruments, Rockville, MD, USA), as described
To show the dose-response curve of serotonin, changes elsewhere [20, 21] . After loading 2 mmol / l fura2-AM in ANP secretion and ECF translocation were calculated (Molecular Probes, Eugene, OR, USA) for 20 min at room by subtracting the previous two values from the two peak temperature, atrial myocytes were attached onto a perfuvalues at each pressure. Fig. 2A shows the relative changes sion chamber coated with matrix gel and placed on the in stretch-activated ANP secretion in terms of ECF translostage of an inverted fluorescence microscope (Axiovert cation caused by serotonin. Low doses of serotonin, 1 and 135; Carl Zeiss, Jena, Germany) connected to the digital 10 mmol / l, did not cause any significant changes in ANP fluorescence microscopic system. Cells were stimulated at secretion. By increasing the doses from 10 to 30 and 100 21 1 Hz and perfused with HEPES buffer containing Ca at mmol / l, stretch-induced ANP secretion in terms of ECF a concentration of 1 mmol / l at a rate of 0.7 ml / min for 5 translocation was proportionately suppressed. min. Serotonin, methyl-5-HT, or PPB (all 10, 30, 100 mmol / l) was perfused for 5 min and then cells were 3 . administered. As shown in Fig. 2B , methyl-5-HT also caused dose-dependent decreases in stretch-induced ANP 2 .7. Statistical analysis secretion in relation to ECF translocation. To compare the suppressive effects of serotonin and methyl-5-HT, the The results are given as the mean6S.E.M. The statistimean of the last three values was obtained from Fig. 2A cal significance of the differences was assessed by using an and B. As shown in Fig. 2C , methyl-5-HT-induced supanalysis of variance (ANOVA) and the Duncan multiple pression of ANP release was more potent than serotoninrange test. In some cases, Student's t test was also used.
induced effect. In order to define the mechanism for the The critical level of significance was set at P,0.05.
suppressive effect of serotonin and methyl-5-HT, antago- Fig. 1 . Effect of 100 mmol / l serotonin, an endogenous 5-HT receptor agonist, on distension-and-reduction volume (DRV), ANP secretion, and ECF translocation in isolated perfused nonbeating rat atria. The intra-atrial pressure was increased by 6 cmH O for 2 min at 10-min intervals (A), and atrial 2 perfusate was collected at 2-min intervals. After a 30-min control period, serotonin (100 mmol / l) was perfused into the atrial lumen. Changes in atrial volume (i.e. DRV) (B) induced by the elevation of intra-atrial pressure were measured by using a calibrated microcapillary tube connected to the pericardial space. Increases in atrial volume increased in ANP secretion (C) and ECF translocation (D); these changes were reproducible. Serotonin decreased stretch-induced ANP secretion but not the mechanically-stimulated ECF translocation and DRV. Therefore, the ANP secretion in terms of ECF translocation, i.e. interstitial ANP concentration, was markedly decreased by serotonin (E). CONT, control period; SER, serotonin infusion period. Values are the mean6S.E.M. (n59). * P,0.01 vs. the third peak value.
nist for 5-HT or 5-HT receptor was used. Pretreatment 3 .3. Effect of the 5-HT receptor agonist on ANP 2 4 4 with ketanserin attenuated the relative suppressive effect of secretion serotonin (Fig. 3A) on stretch-induced ANP secretion in terms of ECF translocation. Interestingly, with the pretreatTo define the effect of 5-HT receptor agonist on ANP 4 ment involving RS23597-190, the relative suppressive secretion, PPB was perfused into the atrial lumen. Fig. 4 effect of serotonin was accentuated; values changed from shows the effect of PPB on ANP secretion and ECF. The 0.6460.04 to 0.5160.06 (P,0.05, Fig. 3A) . The suppresprotocol was the same as that described in Fig. 1 . After the sive effect of methyl-5-HT on ANP secretion was also application of 30 mmol / l PPB, stretch-induced ANP blocked by ketanserin and accentuated by RS23597-190 secretion gradually increased with time ( Fig. 4C) , but (Fig. 3A) . Serotonin-induced suppression of ANP release mechanically-stimulated ECF translocation and the DRV was attenuated by neomycin, chelerythrine and stauroswere relatively constant ( Fig. 4B and D) . Therefore, PPB porine (Fig. 3B) . However, U73122 has no significant caused an increase in interstitial ANP concentration (Fig.  effect.  4E ). Fig. 5 shows the relative changes in stretch-induced ANP secretion in terms of ECF translocation by PPB, 10 and 30 mmol / l; these changes are represented as ratio of the mean values to the control values obtained from Fig. 4 . The effect of PPB on ANP secretion was accentuated over time (Fig. 5 ). Fig. 6 shows the comparison of relative changes in stretch-induced ANP secretion between the control group and the modifier-treated groups. Control by ketanserin (Fig. 6A ). This effect was not attenuated by in terms of ECF translocation are shown. The a-methyl-5-HT maleate-MDL12330, KT-5720, or H-89 (Fig. 6B ).
induced inhibition of ANP release was significantly different from serotonin-induced effect (C). CONT, control group; SER, serotonin receptors are expressed in the rat heart [13, 22] . The positive inotropic effect is mediated by either 5-HT 4 4 . Discussion receptor [9, 10] or 5-HT receptor [11] and serotonin 2A increases the calcium current in human atrial myocytes by In the present study, we have shown that serotonin and a 5-HT receptor [23] . In this study, we found diverse nal muscle cells [14] . clearly using specific inhibitors of PKA and PKC.
.2. Signal transduction of diverse effects through 5-HT
Serotonin is known to increase the calcium current in 2 and 5-HT human atrial myocytes by 5-HT receptor but not in rat, 4 4 rabbit, guinea pig, or frog atrial myocytes [23] . The sion of ANP secretion was attenuated by neomycin, agonist may be not closely related to changes in [Ca ] .
i staurosporine and chelerythrine but not by U73122. The suppression of ANP secretion by serotonin appears to be 4 .3. Experimental limitation partly mediated through PLC and PKC pathway. However, we failed to modify the accentuation of ANP secretion
In this study, we used high concentration of serotonin to through 5-HT receptor with inhibitors for AC and PKA, induce the suppression of ANP secretion by 5-HT re- 4 2 such as MDL 12330, KT-5720 or H-89. We do not know ceptor subtype. Serotonin plasma and serum levels of 0.3 the reason exactly. Because of differences in potency and and 15 mmol / l, respectively, have been reported in rats specificity of inhibitors depending on tissues or species, [11] . Thus, it is questionable that physiological humoral further studies are needed to define their mechanism more serotonin levels are sufficient to exert relevant effect on
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